β-Catenin, a component of adherens junction (AJ), transmits forces between cells and stabilizes their balance, thereby contributing to AJ maturation. A previous study based on a single-molecule experiment has suggested that β-catenin unfolds under tension with low mechanical stability, while another study showed its mechanical behavior bearing to high forces. Such discrepancy in mechanical behaviors of β-catenin could be a result of experimental conditions such as solvent compounds, pH, and temperature. In the present study, we successfully tested the mechanical behaviors of β-catenin in a simple experimental condition by employing atomic force microscopy (AFM). To perform nanomechanical testing in phosphate-buffered saline (PBS) buffer without protein aggregation, we directly modified the AFM probe with β-catenin in a low concentration. We performed two types of experiments, in which a part and a whole structure of β-catenin were loaded under tension.
Introduction
In many biological processes, such as morphogenesis, maintenance of tissue integrity, and wound healing, cells in multicellular tissue sense and adapt to their mechanical environment, resulting in dynamic cell rearrangement and tissue deformation 23, 28 . These processes involve mechanotransduction, in which a mechanical stimulus is converted into biochemical signals 1, 8, 12 . In particular, mechanotransduction contributes to intercellular interactions between cells 4, 15, 35 because the force generated by the intracellular actomyosin contraction is mutually transmitted between adjacent cells via adherens junctions (AJs). Therefore, the intercellular force transmission is essential for multicellular tissue dynamics.
AJs form a link between cytoskeletal actin filaments in adjacent cells and transmit the intercellular force 7, 31 . Component molecules, such as cadherin (a transmembrane protein involved with cell-cell adhesion), β-catenin, α-catenin (a cytoplasmic protein that plays a role as a mechanosensor in maturation of AJs 38 ), and EPLIN 2 , directly bind together serially in this order to interact with the force-generating actin cytoskeleton. The intercellular tension frequently fluctuates depending on the cell arrangement within the tissue and myosin activities within individual cells. Therefore, AJs and their component molecules are frequently exposed to high tension between cells 21, 32 . To control unbalanced forces, α-catenin at AJs adaptively matures 38 , and during this process, mechanical behaviors of AJ components would be a key factor in determining the characteristics of this mechano-feedback mechanism 3, 13 .
β-Catenin, an another important component of AJs, functions as a direct linker between cadherin and α-catenin and contains armadillo (ARM) repeats in its central region (138-664 amino acids) forming a superhelical spiral structure 10, 36 . Such unique spiral structures play a role as tension transmitters and are found in Ankyrin (ANK) repeats with a similar superhelical spiral protein in hair cells, exhibiting low stiffness under low tension and high stiffness under high tension for mechanotransduction 16 . A previous single-molecule experiment showed a high mechanical stability of β-catenin when subjected to a high force 26 ,
while the other experiment suggested that β-catenin unfolds under tension with low mechanical stability 33 . Therefore, we considered that it is possible that the mechanical behaviors of β-catenin vary in experimental conditions such as solvent compounds, pH, and temperature.
In the present study, we aimed to test the mechanical behaviors of β-catenin in a simple experimental condition in phosphate-buffered saline (PBS) buffer without any additional compounds. To investigate the mechanical behaviors of β-catenin under tension at the molecular level, we employed atomic force microscopy (AFM) nanomechanical testing by directly loading single molecules 25 . We adopted a similar rate of loading as that used in previous studies 26, 33 for comparison, although the rate would not necessarily match up with the in vivo condition. To test the mechanical behaviors of β-catenin considering the mechanical conditions at AJs, we performed two types of experiments, in which a part and a whole structure of β-catenin were loaded under tension. To apply the force to a part of β-catenin, single-tagged (N-terminus GST-tagged) β-catenin was introduced to experiments, where N-terminus GST-tag and solvent-exposed amine residues widely dispersed in ARM repeats were targeted. In addition, to load the full component of β-catenin by both its ends, double-tagged [N-terminus GST-tagged and C-terminus His-tagged] β-catenin was introduced.
Materials and methods

Materials
The N-terminal domain of β-catenin directly binds to α-catenin, and the central ARM repeats interact with the cytoplasmic domain of cadherin, as shown in Fig. 1a . To analyze the mechanical behavior of β-catenin as a tension transmitter at AJs, we used two types of β-catenin fusion proteins, i.e., single-tagged and double-tagged human full-length β-catenin (Figs.1b and 1c) . Single-tagged β-catenin (Fig. 1b) , purchased from Abnova Corporation, was used in the AFM nanomechanical testing, where the GST tag and the solvent-exposed lysine residues were targeted (left, Fig. 2 ). Using single-tagged β-catenin, we targeted 26 lysines in the whole structure, of which 20 lysines were widely dispersed in ARM repeats. In addition, double-tagged β-catenin (Fig. 1c) was used in the AFM nanomechanical testing, where the GST and His tags at both termini were targeted for modification processes of the AFM tip and the substrate (right, Fig. 2 ). The plasmid DNA of double-tagged β-catenin was cloned into pGex6pl-7his and transformed into E-coli BL21-D3-pLysS. Double-tagged β-catenin was expressed overnight using 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) induction at 20°C and purified with a GST bulk kit (GE Healthcare Biosciences). Using double-tagged β-catenin, we were able to load full-length β-catenin including, all 12 ARM repeats. 27 and N -(6-maleimidocaproyloxy)sulfosuccinimide (Sulfo-EMCS, DOJINDO Laboratory) were used for the chemical modification of the AFM tip and the glass substrate.
Ethanethiol (Sigma-Aldrich Co., LLC) was used for blocking the AFM tip.
Modification of the AFM tip and the glass substrate
The silicon nitride AFM cantilever (spring constant, 0.02 N/m) was used for measuring piconewton order small forces 24 . The AFM tip was washed with Milli-Q water (EMD Millipore Co.), oxidized using ozone cleaner, and treated with 2% APTES in 99.5% ethanol for 15 min. It was then treated with 5 mM NHS-PEG-Mal ester for 30 min and with 10 mM glutathione for 1 h. β-Catenin (1 μg/mL) was modified on the AFM tip using glutathione-GST affinity binding 5 for 2 h. Finally, the unreacted maleimide groups were blocked using 0.1% ethanethiol in phosphate-buffered saline (PBS) for 5 min. All reactions were performed at 27ºC.
To modify the substrate, a cover glass was washed with Milli-Q water, oxidized, and 
β-Catenin single-molecule force spectroscopy
A Nanowizard III BioAFM (JPK Instruments, Berlin, Germany) was used for the β-catenin nanomechanical testing. The spring constant of each AFM cantilever was calibrated using the energy equipartition theorem. The AFM nanomechanical testing of β-catenin was conducted in PBS (pH 7.4). The double-tagged β-catenin-modified AFM tip was approached at a speed of 0.2 µm/s and it was in contact with the glass substrate for 5 s to facilitate the binding of the C-terminus histidine tag of β-catenin and the substrate Ni 2+ nitrilotriacetic acid (Ni 2+ -NTA). The single-tagged β-catenin-modified AFM tip was approached in the same manner to facilitate binding of the external amino group of β-catenin with the NHS ester. We targeted 20 lysine residues, which were exposed to the solvent in ARM repeats 36 ( Fig. 1b 
β-Catenin spring constants analysis
To quantify the mechanical properties of β-catenin under tension, we estimated the β-catenin spring constants k from the force curves. The spring constant k was determined as the average value of the tangent stiffness] [ / (∆ )] (first-order derivatives of the force curve) in the specified linear region, as described below. Initially, the base line of the applied force was determined as the average value of force points after unbinding, and the base line of extension was determined where the smoothed force is 0 pN. Next the first-and second-order derivatives of the force curves [ / (∆ ) and 2 / (∆ ) 2 ], respectively, were calculated.
In the derivation process, each curve was smoothed using a simple moving average, where the number of datum points for the average was determined as 25 before and after the averaging point. Subsequently, the linear region was specified, where the second order derivatives take values within the determined range of −1 < 2 / (∆ ) 2 < 1. All parameters for calculation, such as the data points for the moving average and the second order derivatives range to determine linear regions, were set based on the correlation coefficient (R 2 > 0.95) between the force and linear regression curves. Finally, we calculated the spring constants k as the average of the first-order differentiated force in the linear region.
Statistical analysis
To confirm that the spring constants k of single-tagged and double-tagged β-catenins have different values, we used an F test, which verifies the hypothesis that two distributions have the same standard deviations σ1 and σ2. The spring constants of single-tagged (n = 66) and double-tagged (n = 34) β-catenins were compared by the F test with p-value of 0.001.
Polymer chain models
In our study, we analyzed the mechanical behaviors of β-catenin under high tension by fitting three polymer chain models to force curves: 1) freely jointed chain (FJC) model 29 2) worm-like chain (WLC) model 20 , and 3) two-state WLC model 30 .
The FJC model describes the relationship between the applied force F and extension ΔL expressing the entropy elasticity as
where B is Boltzmann constant, T is temperature, b is the Kuhn length and L is the fully extended length.
The WLC model also describes the relationship between force and extension considering the bending energy of polymer chain as
where p is the persistent length and Lc is the contour length.
Two-state WLC model is an advanced model of WLC considering the conformational transition of local structures from initial state to the other state. The force F is given by
where c ′ is the contour length of two-state WLC model which extends under force F. The contour length c ′ is given by
where Lc0 is the contour length at initial state, n is the number of local structures, ΔLs is the increase in extension for each local structure, and γ (F) is the possibility of conformational transition of local structure that is given by
where ΔGs is the free-energy change in conformational transition. The transition force Ft and increase in contour length ΔLc are given by ∆ s /∆ s and • ∆ s , respectively. Force curves obtained in our experiments for single-tagged β-catenin were fitted by these three polymer chain models in least-square analysis.
Results
Figures 3a and 3b show the typical force curves obtained in the nanomechanical testing of β-catenin using AFM. Both single-tagged (green lines, Fig. 3a ) and double-tagged (orange lines, Fig. 3b ) β-catenin exhibited nonlinear behaviors during the loading process, showing distinct linear regions under low tension, as shown in Fig. 3c . Nonspecific tethers with small rupture force FR (<50 pN) were observed in the experiment without β-catenin, whereas specific tethers (FR > 100 pN) were observed in the experiment without a PEG linker. These results indicated that our results were caused by β-catenin behaviors. Unlike double-tagged β-catenin (Fig. 3b) , single-tagged β-catenin (Fig. 3a) exhibited various spring constants k in linear regions caused by the variation of reacted amine residues of β-catenin. Under high tension, β-catenin behaved as a rather rigid material and was not fully unfolded, which was confirmed by the force curves without any tension relaxation before unbinding of the tip from the substrate and by the fact that maximum extensions were much shorter than the estimated extended full length of β-catenin (310 nm). In addition, nonlinear behavior was observed in the loading-unloading experiments using both single-tagged and double-tagged β-catenin, in which the loading (orange line) and unloading (blue line) curves were fully reversible, as shown in Fig. 3d . These results suggest that β-catenin plays a role as a nonlinear elastic material under tension.
To confirm that single β-catenin molecules were loaded, we evaluated the rupture force (FR), which was the peak value of F in the force curves, as shown in Fig. 3c . The histogram of FR in the single-tagged β-catenin experiment (green bar in Fig. 3e ) exhibited two peaks 6, 22 .
We fitted the histogram with a weighted mixture Gaussian distribution, where the number of To quantify the mechanical properties of β-catenin, spring constants k in linear regions of the force curves were calculated (Fig. 3c) . The force curves of single-tagged β-catenin were extracted, and the value of FR was found to be 506 ± 192 pN (half width at half maximum of first peak) to evaluate the mechanical properties of single molecules. Spring constant k of the linear region was found to be 6.5 ± 3.0 pN/nm for single-tagged β-catenin and rather smaller For analyzing the β-catenin behaviors under high tension, we fitted polymer chain models to the force curves of single-tagged β-catenin (Fig. 3f) . Force curves (green line) were better explained by the simple WLC model (purple long-dashed line) than the FJC model (blue short-dashed line). In addition, we found that the two-state WLC model (red solid line), which considers the increase in the contour length caused by conformational transition from the initial state to the other state, showed the best fits to the force curves. The conformational transition from the initial state (red dotted line) occurred at high tension (Ft > 150 pN), whereas the increase in the contour length, ΔLc, was 1-2 nm (from red dashed line to solid line, Fig. 3f ). These results indicated that β-catenin underwent minor conformational transition to more rigid state under high tension. The extended lengths in our experiments (~25 nm) were significantly shorter than the expected fully extended length (~304 nm),
considering that the contour length of each amino acid is 0.4 nm. Our result indicated that β-catenin undergoes minor conformational transition and is not fully unfolded with high mechanical stability.
Discussion
Our experiments using AFM revealed the mechanical behaviors of β-catenin under tension at the molecular level. β-Catenin behaved as a nonlinear elastic material under tension with a linear response under low tension and a rather rigid response under high tension. In addition, such a nonlinear elastic behavior of β-catenin would correspond to the in vivo situation because the tension applied to β-catenin in our experiments is in the same range as the tension exerted on single actin filaments 11 . We accordingly suggest that β-catenin functions as a flexible component that preserves links between AJ molecules under low tension, though acting as a rigid tension transmitter with high mechanical stability under high tension. Thus, β-catenin would contribute to regulating the intercellular force balance as a tension transmitter.
Here, we discuss the mechanical contribution of non-ARM domains to the function of β-catenin as a tension transmitter. The N-terminal domain (1-137 amino acids) of β-catenin directly binds to α-catenin, and the C-terminal domain (665-781 amino acids) does not interact with cadherin. Because both N-and C-terminal regions are unable to form stable structure by themselves 9, 10 , it is assumed that the non-ARM domains make no contribution in increasing the tension during the loading process. Moreover, in experiments using doubletagged β-catenin, we infrequently obtained the force curves that showed a certain extension without an increase in tension, caused by unstable non-ARM domains before load-bearing region with nonlinear behaviors. This result suggested that non-ARM domains exhibit extension, but do not play a significant mechanical role of β-catenin as a tension transmitter.
In our study, the nanomechanical testing was performed for isolated β-catenin fusion proteins under slightly different conditions from physiological ones. For example, a previous report by Valbuena 33 suggested that the interaction between β-catenin and cadherin is essential for β-catenin to transmit intercellular tension with high mechanical stability. To examine the mechanical stability of β-catenin itself, we performed experiments for single-tagged β-catenin in 8 M urea-PBS, a protein solubilizing agent. The resulting force curves showed linear regions under low tension and rigid regions under high tension without tension relaxation, which corresponded well with the curves obtained in experiments without urea. This result is in agreement with the report 9 that showed ARM repeats structure of β-catenin conserved in 2.4 M urea. Furthermore, the report (uploaded to the Protein Data Bank under the PDB code 4EVT) showed that β-catenin treated by 8.3 M urea retains its ARM repeats structure.
Therefore, experiments in urea confirmed the high mechanical stability of β-catenin.
The force range of molecular behaviors remains to be discussed. For the main results, the experiment was performed with a loading rate of 4000 pN/s. We also performed the experiments at a lower loading rate of 1000 pN/s, a rate similar to that in Valbuena's experiments, but unfolding events were not observed. Although we could not determine the exact reasons for the discrepancy in the results with the report, it could be because of the differences in the solvent compounds and testing temperature. The solvent compounds could affect the mechanical behaviors of proteins 17 . In Valbuena's experiments, PBS buffer containing 5 mM dithiothreitol (DTT), which avoids aggregation, was used for 0.3-0.4 mg/mL β-catenin. In contrast, we used PBS buffer without any additional compounds for a lower concentration (1 μg/mL) of β-catenin. In addition, the testing temperature could affect the helix content of protein and its unfolding force 14 . Nevertheless, it is possible that there are undiscovered molecular mechanisms that clearly explain the discrepancy in the results. For example, a previous report 26 suggested that β-catenin has various conformations in equilibrium. Obviously, other experimental methods that enable a low-loading-rate experiment, such as magnetic tweezers 37 , are required to estimate the molecular behaviors under physiological conditions. In our study, we report one aspect of the function of β-catenin as a tension transmitter at AJs.
In the present study, we showed the mechanical behaviors of β-catenin as a tension transmitter at intercellular AJs, employing the method of AFM nanomechanical testing. This direct measurement of molecular behavior can offer new insights into force-induced dynamical mechanisms in multicellular systems. In future work, we will try to achieve an overall picture of molecular mechanotransduction mechanisms at AJs by analyzing the mechanical behaviors of other constituent molecules such as cadherin and α-catenin, employing nanomechanical testing. and the GST tag at the N-terminus. The AFM tip was then placed in contact with the substrate to allow interaction between 1) lysine residues and NHS-ester for single-tagged β-catenin and 2) the His tag at the C-terminus and Ni 2+ -NTA for double-tagged β-catenin. Finally, the AFM tip was moved upward and the β-catenin molecules were directly loaded. 
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